Introduction
Coordination of gene transcription within epithelial cells is crucial for development, differentiation and tumorigenesis in the gastrointestinal tract and other tissues. 1, 2 Careful modulation of gene expression within these epithelia is required for normal growth control, and a number of key transcriptional regulators can play differing roles in these processes, depending on context and/or tissue type. 3, 4 For example, both loss and increased expression of the zinc-finger transcription factor Krüppel-like factor 4 (KLF4) alter normal esophageal and epidermal homeostasis. [5] [6] [7] [8] In breast cancer, this context-dependent role of KLF4 is linked to p21 Waf1/Cip1 , although the mediators of these effects in other epithelia are more complex. 5, 9 Notch1 is required for normal epithelial homeostasis and can function during epithelial carcinogenesis as either an oncogene or a tumor suppressor, the latter in the squamous epithelia of both skin and esophagus. [10] [11] [12] Identifying the mediators of the context-dependent functions of these and other transcriptional regulators provides insight into the mechanisms of normal development, homeostasis, injury repair, regeneration and carcinogenesis.
Krüppel-like factor 5 (KLF5) is a key transcriptional regulator that is typically pro-proliferative in non-transformed epithelial cells but inhibits proliferation in transformed epithelial cells. However, the underlying mechanisms for this context-dependent function are not known. KLF5 is epigenetically silenced and exhibits a tumor suppressive function in esophageal squamous cell cancer (eSCC). Since p53 mutation is the most common genetic alteration in eSCC, as in other human epithelial cancers, we hypothesized that the context-dependent functions of KLF5 in cell proliferation were dependent on p53 status. In fact, in non-transformed human primary esophageal keratinocytes, when p53 was wild-type, KLF5 was pro-proliferative; however, KLF5 became anti-proliferative when p53 was mutated. KLF5 loss in human primary keratinocytes harboring p53 mutation accelerated the cell cycle and decreased expression of p21 Waf1/Cip1 ; similar effects were also seen in eSCC cells with established p53 mutations. Further, p21 Waf1/Cip1 was directly and differentially bound and regulated by KLF5 in the presence or absence of mutant p53, and suppression of p21 Waf1/Cip1 reversed the antiproliferative effects of KLF5 in the presence of p53 mutation. Thus, KLF5 is a critical brake on an aberrant cell cycle, with important tumor suppressive functions in esophageal squamous cell and potentially other epithelial cancers. Many epithelial transcriptional regulators have specific patterns of expression which are consistent with their typical functions. 2 Illustrative of this, the transcription factor Krüppel-like factor 5 (KLF5), which is frequently pro-proliferative, including in murine esophageal epithelia, is normally restricted to regions of active cell proliferation, such as the basal layer of the esophagus. [13] [14] [15] In some contexts, KLF5 can upregulate cyclin B1 and cyclin D1, 16, 17 enhancing proliferation. Yet, KLF5 is growth inhibitory in other contexts, including in transformed intestinal cells and esophageal cancer cells. 18, 19 A clue to the mechanisms of this context-dependent function for KLF5 in epithelial cell proliferation may come from studies of the coordinate regulation of the Notch1 gene by KLF5 and p53 during esophageal squamous cell transformation. 20 In this instance, KLF5 and p53 bind within the same region on the Notch1 promoter in human primary esophageal keratinocytes; binding of either p53 or KLF5 results in transcriptional activation of Notch1 to inhibit cellular transformation, defining KLF5 as an esophageal tumor suppressor. Importantly, p53 mutation is a signature early event in squamous esophageal cancer, 21, 22 meaning that p53 status typically varies between normal esophageal epithelia cells and esophageal squamous cell cancer. Thus, changes in p53 status could be key KLF5 using an inducible system in human primary esophageal epithelial cells (EPC2-T) containing wild-type or mutant p53 (p53 R175H ). 20 Of note, p53 R175H is one of the most common mutations in numerous epithelial cancers, including ESCC. 27 In EPC2-T cells, proliferation was not altered by KLF5 induction (Fig. 1A) , likely due to the presence of endogenous KLF5 in EPC2-T cells, 20 but proliferation was significantly decreased by KLF5 suppression (Fig. 1B) , confirming a growth-promoting role for KLF5 in the presence of wild-type p53. In contrast, KLF5 induction in EPC2-T-p53 R175H cells resulted in a significant reduction in cell proliferation (Fig. 1C) , and proliferation was increased by KLF5-knockdown in EPC2-T-p53 R175H cells ( Fig. 1D) , indicating that KLF5 in this context had a growth-inhibitory effect. By flow cytometry, KLF5 suppression in EPC2-T-p53 R175H cells decreased the number of cells in G 2 /M, with a corresponding increase in the number of cells in G 1 /S ( Fig. S1A) . No changes in apoptosis were seen with KLF5 suppression in EPC2-T cells or KLF5 induction in EPC2-T-p53 R175H cells (Fig. S1B) .
The cyclin-dependent kinase inhibitor p21 Waf1/ Cip1 is critical for progression through numerous cell cycle checkpoints, including the G 1 /S and G 2 /M transitions, [28] [29] [30] and is a well-defined p53 target. 30, 31 In EPC2-T cells, KLF5 suppression resulted in increased p21 Waf1/Cip1 expression ( Fig. 2A and B ). KLF5 induction in EPC2-T-p53 R175H cells, which similarly inhibits cell proliferation, also upregulated p21 Waf1/Cip1 ( Fig. 2C and D) , and knockdown of p21 Waf1/Cip1 in EPC2-T-p53 R175H cells produced a similar effect on the cell cycle as KLF5 suppression (Fig. S1C) . To confirm the specificity for p21 Waf1/Cip1 , we examined the effects of KLF5 on the expression of the cyclin-dependent kinase inhibitors p15, p16, p18 and p27 (Fig. S2) . While KLF5 suppression appeared to initially induce p15 and p27 differentially in EPC2-T cells and EPC2-T-p53 R175H cells, this effect was not maintained over time, in contrast to the effect on p21 Waf1/Cip1 , and no changes were seen for p16 or p18. In the ESCC cell line TE7, both KLF5 and p53 are normally undetectable, 20, 25 and KLF5 expression also upregulated p21 Waf1/Cip1 (Fig. S3A) . These findings are consistent with a role for p21 Waf1/Cip1 in mediating the effects of KLF5 on cell proliferation. Yet the mechanisms by which changes in p53 status might lead to differential effects of KLF5 on p21 Waf1/Cip1 expression are not clear.
The 5' regulatory region of p21 Waf1/Cip1 contains two putative KLF5-binding sites overlapping two well-defined p53 response elements (p53RE1 and P53RE2) 32,33 on p21 Waf1/Cip1 (Fig. 3A) . We hypothesized that KLF5 might therefore bind to p21 Waf1/Cip1 in these regions, and that this binding was dependent upon p53 status. In fact, by chromatin immunopreciptation (ChIP), KLF5 bound strongly to p21 Waf1/Cip1 at both p53 response elements when p53 was mutant, but not with wild-type p53 (Fig. 3B) ; predictably, p53 binding to the p53 response elements decreased with p53 R175H (Fig. 3C) . This reciprocal binding relationship was similar to that seen previously for Notch1, 20 and interestingly, the level for the context-dependent effects of KLF5. Still, the exact mechanisms for the differential effects of KLF5 on proliferation in normal homeostasis and cancer are not clear.
The human primary esophageal keratinocyte cell line EPC2-hTERT (EPC2-T) provides an important and relevant model for studies of the transcriptional regulation of proliferation, since these non-transformed epithelial cells lack the genetic modifications of both cancer cells and most spontaneously immortalized epithelial cell lines. 23, 24 As such, EPC2-T cells provide an ideal system for studies of the mechanisms of the context-dependent effects of KLF5 in normal epithelial homeostasis. Notably, EPC2-T cells express wild-type p53, in contrast to most human esophageal squamous cell cancer lines where p53 is either mutated or epigenetically silenced. 25 Here, we have utilized EPC2-T cells with or without the p53 hotspot mutation p53 R175H , which is the most common mutation in esophageal squamous cell cancer and numerous other cancers, 26, 27 to demonstrate that KLF5 effects on proliferation are dependent on p53 status and are mediated specifically by p21 Waf1/ Cip1 . In addition, we show that the cyclin-dependent kinase inhibitor p21 Waf1/Cip1 , like Notch1, 20 is coordinately regulated by KLF5 and p53. These results help to define the mechanisms of contextdependent, cell autonomous regulation of cellular proliferation during epithelial homeostasis and carcinogenesis.
Results
To investigate whether the function of KLF5 in cell proliferation is dependent on p53 status, we overexpressed, or knocked-down, common genetic events in esophageal and other epithelial cancers, 26, 27 via transcriptional activation of p21 Waf1/Cip1 . Certainly, the context-dependent effects of KLF5 on cell proliferation may involve factors other than p21 Waf1/Cip1 , and p15 and p27, for example, are upregulated at specific stages following KLF5 suppression in p53 mutant cells; nonetheless, it is clear that p21 Waf1/ Cip1 is crucial for these effects, as suppression of p21 Waf1/Cip1 alone abrogates the growth-inhibitory effects of KLF5 with p53 R175H . Posttranslational modification of KLF5 by TGFβ may also be important in defining the effects of KLF5 on proliferation in some contexts, 34 and p53 has been linked to TGFβ signaling. 35 In our model, the effects of KLF5 on cell proliferation are cellautonomous and occur in the absence of any exogenous stimuli, while the use of exogenous TGFβ in a spontaneously immortalized, aneuploid cell line (HaCaT) may limit the relevance of these findings to normal homeostasis. Notably, the effects of KLF5 knockdown on proliferation and p21 Waf1/Cip1 in EPC2-T-p53 R175H cells occur before the onset of cellular transformation. 20 In response to cellular stress, p53 is activated, triggering either apoptosis or, via induction of p21 Waf1/Cip1 , growth arrest. [36] [37] [38] However, when p53 cannot activate p21 Waf1/Cip1 , as in the presence of the p53 R175H mutation, 39 KLF5 then assumes a key role in cell cycle control and growth arrest. Interestingly, KLF5 is upregulated in esophageal squamous cell dysplasia, a precursor lesion, but lost in esophageal squamous cell cancer. 20 In human cancers, it is likely that multiple genetic and/or epigenetic events drive tumor progression, and we believe that of increased KLF5 binding at each response element on p21 Waf1/ Cip1 was mirrored by the decreases in p53 binding at each site. KLF5 also transcriptionally repressed the p21 Waf1/Cip1 promoter when p53 was wild-type but activated the p21 Waf1/Cip1 promoter both with p53 R175H in EPC2-T cells ( Fig. 3D) and in TE-7 ESCC cells, which lack p53 expression 25 (Fig. S3B) .
To determine whether p21 Waf1/Cip1 is essential for the p53-dependent effects of KLF5 on cell proliferation, we knocked down p21 Waf1/Cip1 (Fig. 4A) in EPC2-T and EPC2-T-p53 R175H cells with or without KLF5 induction or KLF5 knockdown. When KLF5 was suppressed in EPC2-T cells with wild-type p53, a condition that yielded increased p21 Waf1/Cip1 (Fig. 4B) and reduced cell proliferation, p21 Waf1/Cip1 knockdown blocked the inhibitory effects of KLF5 knockdown on cell proliferation (Fig. 4C) . Similarly, in EPC2-T-p53 R175H cells, where KLF5 induction activated p21 Waf1/Cip1 (Fig. 4D) and decreased cell proliferation, suppression of p21 Waf1/ Cip1 prevented the growth-inhibitory effect of KLF5 in this context (Fig. 4E) . In other contexts, where KLF5 activation of p21 Waf1/Cip1 is minimal, the effect of p21 Waf1/Cip1 knockdown on cell proliferation was also minimal (Fig. S3C) . Thus, KLF5 is pro-proliferative or growth-inhibitory depending upon p53 status, and these contextdependent effects of KLF5 are mediated by and require p21 Waf1/Cip1 .
Discussion
Here we demonstrate that pro-proliferative KLF5 becomes antiproliferative in the presence of p53 R175H mutation, one of the most expression in response to KLF5 induction may be more representative of the physiologic state. While KLF5 is one of a group of KLFs that typically function as transcriptional activators, the functionality of each KLF can be dictated through its association with specific co-activators or co-repressors. 44 These co-regulators include the histone acetyltransferases p300 and PCAF and the histone deacetylases HDAC1 and HDAC2, all of which can control access of KLFs to promoter DNA. 45, 46 Additionally, KLF5 and also p53 can be targeted directly by some of these factors, leading to posttranslational modifications which affect function. [47] [48] [49] [50] Interestingly, PCAF can also alter the ability of p53 to transcriptionally activate p21 Waf1/Cip1 independent of DNA binding. 47 Notably, while some epithelial cells may undergo EMT in response to p53 loss alone, 51, 52 keratinocytes require loss of both KLF5 and p53 for EMT. 20 Our findings here are consistent with prior reports of a tumor-suppressive role for KLF5 in squamous epithelia 18, 20 and other tissues. 53, 54 Yet other studies have suggested that KLF5 may function as an oncogene, particularly in upregulation of KLF5 may represent an attempt by the cell to maintain control of cellular proliferation. Since p53 function is typically lost early in esophageal squamous cell carcinogenesis, 21, 40, 41 KLF5 regulation of cell cycle control via p21 Waf1/Cip1 is likely critical in dysplastic tissue. When KLF5 is lost, cells transform, 20 and proliferation is unrestrained. Thus, KLF5 can promote proliferation 13, 14 while also providing a critical brake on the system. As such, it would be interesting to examine the effects of cellular stressors, such as irradiation or chemotherapeutics, on the coordinate functions of KLF5 and p53, both in growth arrest and apoptosis, although KLF5 effects on apoptosis may be independent of p53. 42 Nonetheless, our findings could help explain the selective proliferative advantages of p53 mutant cells following UV irradiation, 43 if KLF5 is also silenced in this context.
Of note, while KLF5 induction repressed the exogenous p21 Waf1/Cip1 reporter in EPC2-T cells (Fig. 3D) , it did not decrease either p21 Waf1/Cip1 mRNA levels (Fig. 2B) or cell proliferation (Fig. 1A) . Thus, the lack of change in p21 Waf1/Cip1 packaged by co-transfection with the lentiviral packaging plasmids pCMV-dR8.74 and pMD2.VSVG (Addgene plasmids #22036 and #12259). Infected cells were selected with 1 μg/ml puromycin for 14 d.
Quantitative real-time PCR. Total RNA was isolated with the RNeasy micro kit (Qiagen), and cDNA was synthesized with the High Capacity cDNA Reverse Transcription Kit (Life Technologies). Quantitative real-time PCR was performed in triplicate on three samples for each experimental condition on a StepOne Plus Real-Time PCR System (Life Technologies) using Power SYBR Green Master Mix (Life Technologies). TATAbox-binding protein (TBP) served as an internal control. Primer sequences are listed in Table S1 .
Western blotting. For each sample, 30 μg of total protein was separated on a Nupage 4% to 12% Bis-Tris acrylamide gel (Life Technologies) and transferred onto polyvinylidene difluroide membrane (Millipore). Membrane was probed with 1:5,000 rabbit anti-KLF5 antibody 18 or 1:500 mouse anti-p21 antibody (Santa Cruz Biotechnology) in TBST with 5% non-fat milk followed by secondary anti-rabbit or anti-mouse antibodies conjugated with horseradish peroxidase (GE Healthcare Life Sciences) Ras-mediated transformation. 17, 55 One way to reconcile these findings is that KLF5 may be important for the early, dysplastic stages of carcinogenesis, such as esophageal squamous cell dysplasia and intestinal adenoma formation, both of which are linked to KLF5 expression. 20, 56 Alternatively, KLF5 function may depend upon tissue context, and other tissue-specific factors may be involved. In any case, the coordinate transcriptional regulation of p21 Waf1/Cip1 by KLF5 and p53 provides a novel and potentially important mechanism for growth control during carcinogenesis, particularly in tumors characterized by p53 mutation or loss. Overall, we conclude that KLF5, which is pro-proliferative in normal epithelial homeostasis, provides a critical brake on an aberrant cell cycle, with important tumor-suppressive functions in esophageal squamous cell and potentially other epithelial cancers.
Materials and Methods
Cell culture. Primary human esophageal keratinocytes transduced with human telomerase reverse transcriptase (EPC2-T) and the oncogenic mutant p53 R175H (EPC2-T-p53 R175H ) were as previously described 20, 23, 57 and were cultured in keratinocyte serum-free medium (K-SFM, Life Technologies) supplemented with 40 μg/ml bovine pituitary extract, 1.0 ng/ml epidermal growth factor (EGF), 100 U/ml penicillin and 100 μg/ml streptomycin at 37°C and 5% CO 2 . TE7 esophageal squamous cell cancer cells 58 were grown in modified Eagle's medium (DMEM)/Ham's F12 medium with 10% FBS (Sigma-Aldrich).
Viral constructs and infection. Full-length KLF5 cDNA was subcloned into the pRevTre retroviral vector (Clontech). pRevTre-KLF5, control pRev-Tre (EV) and pTreTet-On were transfected into Phoenix-Ampho cells with Lipofectamine 2000 (Life Technologies) following the manufacturer's instructions. Virus-containing supernatant was harvested from 48-72 h after transfection and filtered with 0.45-μm MicroFunnel filters (Pall Life Sciences). Keratinocytes were infected with viral supernatants at a 1:6 dilution with K-SFM and selected with 300 μg/ml G418 and 1 μg/ml hygromycin beginning 24 h after infection and continued for 14 d. shRNA directed against either KLF5, as previously described, 20 or p21 Waf1/Cip1 was subcloned into the pTripz lentiviral vector (Thermo Scientific Open Biosystems). pTripz-KLF5shRNA, pTripz-p21shRNA and non-silencing control pTripz-NS shRNA (Thermo Scientific, RHS4743) were lysis buffer (BD Biosciences), and luciferase activity was measured with the Dual-Luciferase Reporter assay system (Promega) on a Microtiter Plate Luminometer (Dynex Technologies). Data were normalized to Renilla activity and expressed as relative luciferase activity.
TUNEL assays. TUNEL assays were performed using the in situ Cell Death Detection Kit (Roche Applied Science), and the numbers of positive cells were determined by counting in five 200x fields.
Statistical analyses. Results were expressed as mean ± SEM, with statistical significance of differences between experimental conditions established at 95%. Student's t-test was performed using the Analysis ToolPak for Excel (Microsoft).
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Supplemental materials may be found here: www.landesbioscience.com/journals/cc/article/22265/ and developed with Immobilon Western Chemiluminescent HRP Substrate (Millipore). Mouse anti-α-tubulin (Sigma-Aldrich) at 1:5,000 served as an internal control.
Flow cytometry. Cells in monolayer were dissociated with 0.05% trypsin (Life Technologies) and neutralized with soybean trypsin inhibitor (Sigma-Aldrich). After fixation with 4% paraformaldehyde in PBS, cells were stained with 50 μg/ml propidium iodide (Life Technologies) in PBST buffer and analyzed with CellQuest Pro software (BD Biosciences) on a BD Biosciences FACSCalibur flow cytometer. Flow cytometry studies were performed in triplicate.
ChIP assays. ChIP assays were performed with the ChIP assay kit (Millipore) as previously described. 13 In brief, cells were cross-linked with 1% formaldehyde for 10 min at room temperature, lysed with SDS buffer, and DNA was sheared by sonication. Samples were diluted and pre-cleared with protein A-agarose/ salmon sperm for 30 min at 4°C. DNA-protein complexes were incubated with 1:5,000 rabbit anti-KLF5 18 or 1:1,000 mouse anti-p53 (Vector Laboratories) antibodies at 4°C overnight and precipitated with protein A-agarose for 1 h. DNA was purified with the Qiaquick PCR purification kit (Qiagen), and quantitative PCR on the p21 Waf1/Cip1 promoter was performed with Power SYBR Green Master Mix (Life Technologies) using primers listed in Table S2 . Putative-binding sites were identified using the Transcription Element Search System (TESS). 59 Luciferase reporter assays. For luciferase reporter assays, we utilized a plasmid containing 2.4 kb of the p21 Waf1/Cip1 promoter upstream of the luciferase coding sequence (Addgene plasmid #16451). 31, 33 EPC2-T or EPC2-T-p53 R175H cells, transduced with the viruses outlined above, were transfected using Fugene 6 reagent (Roche Applied Science). The cells were lysed with cell
